The BLOLOG redox technology based on tetrazolium dye reduction as an indicator of sole-carbon-source utilization was evaluated as a rapid, community-level method to characterize and classify heterotrophic microbial communities. Direct incubation of whole environmental samples (aquatic, soil, and rhizosphere) The classification and characterization of animal and plant communities have helped define the factors that regulate both the structure and the function of such communities. Microbial ecologists have been less successful at identifying and classifying microbial communities due to the small size and morphological similarity of constituent members, particularly bacteria. Highly structured communities have been reported for communities composed of microorganisms of distinct morphology or nutritional strategy or both (10, 14) .
The classification and characterization of animal and plant communities have helped define the factors that regulate both the structure and the function of such communities. Microbial ecologists have been less successful at identifying and classifying microbial communities due to the small size and morphological similarity of constituent members, particularly bacteria. Highly structured communities have been reported for communities composed of microorganisms of distinct morphology or nutritional strategy or both (10, 14) . Delineation of heterotrophic communities has been very limited, yet such communities dominate most aquatic and terrestrial habitats.
Most studies of heterotrophic microbial community structure have involved isolate-based methods. Numerical taxonomic studies use either profiles of cellular constituents (12, 13) or phenetic characteristics (11) of isolates to define operational taxonomic units as defined by Sneath and Sokal (20) . Analysis of the presence and distribution of different operational taxonomic units within a community (e.g., diversity) can provide insight into the ecological functioning of communities (1) . The analysis of taxonomic structure of communities alone, however, limits insight into the ecological relevance of community structure. The exclusion or addition of different bacterial types does not necessarily change the resultant function of the community (24) . Analysis of phenetic characteristics which directly relate to important processes in the environment under investigation (15) and correlation of such characteristics to environmental parameters (2, 17) allow for greater insight into the factors which regulate community structure. Isolate-based methods, however, depend on cultural methods, which can exclude the majority of endogenous microbes from study due to the selective nature of the media (22) . Furthermore, the timeconsuming nature of isolate-based methods severely limits the spatial and temporal intensity of sampling. For example, using isolate-based methods, Bell et al. (2) were restricted to 12 samples in an evaluation of seasonal trends in microbial community structure in two rivers.
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White and Findlay have developed a community-level approach to characterize microbial community structure by evaluating shifts in fatty acid methyl esters from whole environmental samples (25). This method has successfully detected changes in biomass of total bacteria (19) , diatoms (19) , anaerobic sulfate-reducing bacteria (7) , and microeukaryotes (8) within various microbial habitats. While this approach eliminates the bias associated with cultural methods and increases the potential scope of sampling, structural markers for shifts within the heterotrophic bacterial community are still being developed.
The application of the community-level approach to assays of microbial function would provide a more sensitive and ecologically meaningful measure of heterotrophic microbial community structure. Rather than relying on determination of changes in individual abundances which may not equate to meaningful shifts in community function, this approach would provide measures of the metabolic abilities of the community. Sole-carbon-source utilization exerts a strong influence on the classification of isolates (13) and may be a useful, community-level, functional measure in the characterization and classification of heterotrophic communities.
A community-level assay of microbial community structure based on carbon source characters requires rapid multiple assays of carbon source utilization. A sample sites were lost due to accidental spillage during transport.
Rhizosphere samples were obtained by shaking roots in sterile saline solution (0.85% NaCl) containing glass beads (5-mm diameter). The resulting suspension was filtered through a 10-,um-pore-diameter polycarbonate filter to remove plant cells prior to inoculation.
Air-dried samples of each of three soil samples (Table 3) were incubated in dilute media to prepare a cell suspension without the interfering color of soil extracts. To determine the potential effects of selective enrichment, suspensions were prepared with three separate dilute media: (i) 0.0025% yeast extract (YE medium), (ii) 0.0025% yeast extract and 0.025% Bacto-Peptone (YP medium), and (iii) 0.0025% yeast extract and 0.005% each fructose, xylose, dextrose, lactose, and mannitol (YS medium). All prepared medium components were purchased from Difco Laboratories. Portions of the suspension from the shaken flask cultures were withdrawn after incubation for 18 h at 25°C on a rotary shaker (model G2; New Brunswick Scientific) operated at 100 rpm, thus avoiding the soil material, and were inoculated directly into BIOLOG plates. Two replicate suspensions were prepared for each soil-medium combination. concentrations of organics present in the inoculum. Clearly, further work is required to address better the relationship between control well and response well color ;hout agitation. An formation. At present, elimination of the control well color nt color production response by diluting samples containing high concentrations ly after 20 to 40 h, of organics prior to inoculation is advisable. In our experi-;can typically was ments the degree of dilution necessary to minimize color development in the control well never diluted the cell numbers to a level unacceptable for color production in the response wells.
(ii) Individual wells. Color development varied greatly )ment in the control among response wells (Fig. 1) . In some of the response wells >140 after 50 h of color developed rapidly and reached a maximum value ie water, and soil within 20 to 30 h. Color development in other wells showed of tetrazolium dye a lag phase for the first 24 h followed by a linear increase (gray scale values during the second 24 h of incubation. The lag phase in i samples from the AWCD is shorter than that observed for the less responsive hat contained high wells because of the immediate color production in the more piratory activity in responsive wells. In all of the samples analyzed, only a few I appeared to be a wells showed no color response after 50 h of incubation. m; dilution of samPatterns of sole carbon source utilization. (i) Influence of color production in rate of color development. The observed relationship between inoculum density and AWCD indicates that differColor development ences in the multivariate pattern of color response among noidal curve with samples as determined by PCA also may be strongly influin Fig. 1, no color enced by the relative abundance of bacteria in samples. This so similar AWCD relationship was found for the raw-difference color response reference point or of plates from early incubations of freshwater samples, as of overall rate of indicated by the strong correlation (r2 = 0.89) between Id by dividing the coordinates of samples for the first PC and AWCD values during the linear (Fig. 2) . In other words, PCA extracted a pattern in the ngth of incubation structure of the data which can be explained, in large part, ate estimates using by differences in the rate of color development among plates. Id be less accurate Transformation of the data by dividing each raw difference r development.
by the AWCD of the plate significantly reduced the influence of inoculum size of rate of color development on classification of samples. tnd extent of color Correlation of coordinates of samples for the first PC with nined in 23 hydro-AWCD values was much lower (r2 = 0.28) than found with ine orange method the raw-difference data (Fig. 2) . The amount of variance in 'he activity of the the data set extracted by the first PC was similar for analysis turnover of a 14C-of the raw-difference and transformed data (25 and 21.5%, 0.2 nCi/ml), using respectively). This result indicates that PCA of transformed :ew (26). For the 23 data explained a significant structure in the data set as a ated using AWCD result of differences in the relative utilization of sole carbon s on the plate as sources among samples. more highly correIt was concluded that transformed data sets would be analyses were performed on plates from later ir that differences among samples in color prodi responsive wells (which may show no color resj readings) could be evaluated.
(ii) Differences among microbial habitats. S three different microbial habitats (soil, freshw droponic systems) had distinctive patterns of source utilization on the basis of PCA of trans response data (Fig. 3) . PCA was performed ) from all samples from each habitat (i.e., all thr lake and stream samples, hydroponic solutioi sphere). Soil samples had much lower coordina scores) for the first PC, which explained 34% or in the data, than either the freshwater or hyd ples. Samples from the latter two microbial (Fig. 4) . Open-water samples had higher responses for wells containing glycogen, several amino acids (L-alanyl-glycine, glycyl-L-aspartic acid, and glycyl-L-glutamic acid), two carboxylic acids (cis-aconitic acid and gluconic acid), and glucose-6-phosphate ( (iv) Differences among soil samples. PCA of the preincubated soil samples revealed distinctive patterns among both soil types and incubation media (Fig. 5) . Differences among soil types, however, were always greater than differences within soil types due to incubation media. The first PC, which explained 27.9% of the variance, separated samples Table 2 for site descriptions). Identical Table 6 ). The second PC, which explained 26.7% of the variance, separated samples of soil 23 incubated in YE medium from those incubated in YS and YP media. The second PC also separated soil 22 samples (particularly those incubated in YE and YP media) from samples of soil 35. PC 2 was positively correlated to four amino acids (D,L-aspartic acid, L-asparagine, L-aspartic acid, and L-glutamic acid) and three carboxylic acids (cis-aconitic acid, citric acid, and D-gluconic acid) and negatively correlated to six carbohydrates (adonitol, a-D-glucose, a-D-melibiose, ,B-methylglucoside, and psicose). AWCD of samples was highly correlated (r2 = 0.775) to the coordinates of PCA 2, but was uncorrelated (r2 = 0.044) to coordinates for axis 1. Replicate plates of samples had very similar coordinate values.
DISCUSSION
The inoculation of samples containing intact microbial communities into BIOLOG plates produced response patterns that distinguished among widely disparate samples and among dissimilar sample types within larger categories. Differentiation of samples from different habitats was a useful preliminary test of the assay. The ability to distinguish among samples within similar habitats, however, was a much more powerful test of the resolving power of the assay. This level of resolution allows for the examination of the structuring agents within specific types of microbial communities (soil, planktonic, etc.). The resolution of all three soil samples analyzed on the basis of patterns of sole-carbon-source utilization indicates that the BIOLOG community assay can be a useful tool for classifying soil microbial communities. It would be particularly interesting to study the relationship between classifica- Table 3 for physiochemical descriptions). Letters refer to the medium in which soils were incubated prior to inoculation into BIOLOG plates. Identical symbol-letter combination represent replicate shake flask cultures.
tion of soils based on microbial community structure and the well-established classification based on physiochemical factors. The intensive sampling required for such a study is feasible given the rapid processing Qf samples by the BI-OLOG community assay. Recent research in our laboratory suggests that preincubation of soils may be unnecessary, further decreasing the time required for 'sample processing. Blending soils, with subsequent flocculation of soil particles (5), produces colorless suspensioiis suitable for direct inoculatiop into BIOLOG plates, and this procedure is now our method of choice. The differences observed among replicate soil samples inoculated in different media suggest that relatively short-term (18- [16] ).
The specific meaning of differences in carbon source utilization is related to the mechanism of color development. the high correlation between AWCD and the second PC produced from PCA of the soil samples. While the correlation does not necessarily reflect causation, it indicates that the structure in the data set extracted by PCA may reflect differences in the rate of color production. The nonlinear nature of color production complicates attempts to use a single plate reading to compare multiple samples of different densities. For optimal characterization of environmental samples using this method, samples of approximately equivalent density should be used and color production should be closely monitored. Our research has indicated that the most efficient methodology involves two plate readings: an initial reading upon color development used for the calculation of AWCD as an indicator of microbial density and a subsequent reading 12 to 24 h later used for multivariate analysis. When more intensive sampling is feasible, a time course of color development could be produced for each well. This approach, while time-consuming and data intensive, would allow for the precise definition of, in effect, 95 separate growth curves for each sample.
The structure in the transformed data set more likely reflects differences among samples in the fraction, rather than absolute density of microorganisms in the inoculum able to utilize substrates as sole carbon sources. In this way, the transformed data set reflects the evenness in distribution of functional abilities within the community. An index of functional evenness similar to that of Troussellier and Legendre (23) could be calculated from the color response data. We believe that the approach utilized in this study, which emphasizes differences among samples in specific functional tests rather than a general index of functional evenness, maximizes (i) the resolving power of the assay and (ii) the identification of ecologically relevant differences among communities. However, evaluation of an overall index of functional evenness may be useful for certain research questions.
Quantitative scores of color response produced from digitized images were considered superior to qualitative scores (presence or absence of color) for the resolution of communities due to our initial observation of color production in almost all wells with incubation of most environmental samples. Alternative approaches may be feasible for researchers without access to microplate readers that will generate color values. Samples could be classified on the basis of dominant functional tests (e.g., the first 20 or 30 wells to show the presence of color). While the resolving power of the method might be expected to decline with the (3, 15) . Since microbial communities may be dominated by only a few types of individuals (12) , evaluation of dominant functional characteristics may be sufficient to classify and characterize microbial community structure. Furthermore, by emphasizing wells with very rapid color production, classifications based on dominant functional characteristics more accurately represent in situ functional abilities compared with classifications described above.
The results of this research indicate that the direct incubation of environmental samples in BIOLOG plates produces patterns of metabolic response useful in the classification and characterization of microbial communities. The ability to rapidly visualize community structure as a composite of functional abilities (or potentials) enables both the intensive comparison of microbial communities across a wide range of spatial and temporal scales and the identification of ecologically relevant functional differences among communities. Widespread use of this technique should provide a more robust and ecologically relevant classification of heterotrophic microbial communities than presently exists.
